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A cause de 1 ' B t a t c r i t i q u e l e passage d e s i o n s p a r l ' i n t e r f a c e augmente f o r t e m e n t en approchant du p o i n t t r ic r i t i q u e . Les temps d e c a p t u r e changent d e t r o i s dBcades dans un i n t e r v a l l e d e t e m p i r a t u r e d e seulement 20 mK e t dependent beaucoup du champ C l e c t r i q u e .
Abstract.-Trapping of p o s i t i v e and n e g a t i v e i o n s a t t h e i n t e r f a c e of 3~e -4~e m i x t u r e s has been s t udied. Due t o t h e c r i t i c a l behavior t h e t r a n s m i s s i o n of i o n s through t h e i n t e r f a c e i n c r e a s e s s h a r p l y a s t h e t r i c r i t i c a l p o i n t s i s approached. The t r a p p i n g times f o r b o t h t y p e s of i o n s v a r y by t h r e e ord e r s of magnitude w i t h i n temperature i n t e r v a l s of o n l y 20 mK, and a l s o depend s t r o n g l y on t h e applied e l e c t r i c h o l d i n g f i e l d .
I . INTRODUCTION.-The f r e e s u r f a c e of l i q u i d helium t h a t n e g a t i v e i o n s ( " e l e c t r o n bubbles") do not pehas evolved a s a n e a r l y i d e a l s u b s t r a t e f o r studyn e t r a t e from t h e upper t o t h e lower phase because i n g e l e c t r o n s i n 2 dimensions. The p r o p e r t i e s of of a h i g h energy b a r r i e r a t t h e phase boundary. The such a s h e e t of s u r f a c e s t a t e e l e c t r o n s , l i k e cyb a r r i e r r e s u l t s mainly from t h e lower s u r f a c e tenc l o t r o n and plasmon r e s o n a n c e s , have been i n v e s t is i o n of che 'He-rich phase and h a s been estimated gated i n d e t a i l / I / . Yet a number of p r e d i c t e d phet o be AW 220 K below T = 0.3 K 171. Thus i t seems nomena has u n t i l now escaped experimental ve.rificaf e a s i b l e t o hold a l a y e r of e l e c t r o n bubbles innnet i o n , l i k e t h e t r a n s i t i o n t o an ordered s t a t e d i a t e l y above t h e i n t e r f a c e a t a d i s t a n c e of about 0 (Wigner c r y s t a l ) / 2 / , t h e dimples a s s o c i a t e d w i t h t h e bubble r a d i u s R ?. 20 A. On approaching the t r it h e i n t e r a c t i o n of i n d i v i d u a l e l e c t r o n s w i t h t h e c r i t i c a l p o i n t t h e two c o e x i s t i n g l i q u i d phases behelium s u r f a c e 131, o r t h e m o d i f i c a t i o n of t h e r i pcome more and more s i m i l a r , and t h e b a r r i e r height plon d i s p e r s i o n r e l a t i o n by t h e presence of s u r f a c e d e c r e a s e s . F i n a l l y , vhen AW becomes comparable t o s t a t e e l e c t r o n s 14.51. Some of t h e s e phenomena kT, t h e i o n s w i l l be a b l e t o p a s s t h e b a r r i e r by should be much more e a s i l y d e t e c t a b l e , i f t h e perthermal a c t i v a t i o n .
t u r b a t i o n of t h e s u r f a c e due t o t h e i n t e r a c t i o n For p o s i t i v e i o n s ("snowballs") t h e i n t e r f a c e with :he Coulomb system could be i n c r e a s e d , f o r i s expected t o p r e s e n t a b a r r i e r i n t h e r e v e r s e d ii n s t a n c e by lowering t h e s u r f a c e t e n s i o n o of t h e r e c t i o n , from t h e lower t o t h e upper phase, because l i q u i d s u b s t r a t e . t h e p o s i t i v e i o n e n e r g y -dominated by t h e polariza-
We have s t a r t e d t o i n v e s t i g a t e such Coulomb b i l i t y -i s lower i n t h e s u p e r f l u i d phase. Theresystems, where a i s o r d e r s of magnitude l e s s than f o r e a l a y e r of such snowballs should be formed a t t h e f r e e helium s u r f a c e , namely i o n s a t t h e inj u s t t h e i n t e r f a c e vhen an a p p r o p r i a t e holt e r f a c e of l i q u i d ' 3~e -4~e mixtures. Below t h e trid i n g f i e l d i s a p p l i e d . Again, s u f f i c i e n t l y c l o s e t o c r i t i c a l p o i n t ( t e m p e r a t u r e T = 0.867 K. 3~e-cont h e t r i c r i t i c a l p o i n t t h e b a r r i e r h e i g h t w i l l become t c e n t r a t i o n Xc = 0.675) a m i x t u r e w i t h c o n c e n t r a t i o n comparable t o kT, and a l s o t h e p o s i t i v e i o n s w i l l Yc i s phase s e p a r a t e d v i t h a 3~e -r i c h normal phase p a s s i n t o t h e o t h e r phase. f l o a t i n g on top of a 49e-rich s u p e r f l u i d phase. The Apparently f o r a study of two-dimensional boundary between t h e c o e x i s t i n g phases undergoes a Coulomb systems i n t e r a c t i n g w i t h a s o f t s u b s t r a t e c r i t i c a l s o f t e n i n g near T t , which m a n i f e s t s i t s e l f one would l i k e t o approach t h e c r i c r i t i c a l p o i n t i n a r a p i d d e c r e a s e of t h e i n t e r f a c i a l t e n s i o n v e r y c l o s e l y i n o r d e r t o have an i n t e r f a c i a l tension publ. in: Journal de Physique 36 (1978 ), Colloque C6, supplément au no. 3, p. C6-1328 -C6-1333 Konstanzer r a b l e . t h e r e f o r e , t o e s t a b l i s h t h e temperature reg i o n where the t r a n s i t i o n from an impenetrable t o a t r a n s p a r e n t i n t e r f a c e takes place. We have i n v e s t igated c h i s t r a n s i t i o n s e p a r a t e l y both f o r negative and f o r p o s i t i v e i o n s a s a f u n c t i o n of temperature and applied e l e c t r i c h o l d i n g f i e l d .
MODELS.-To i l l u s t r a t e roughly t h e c o n d i t i o n s
near the i n t e r f a c e , we have p l o t t e d i n f i g u r e s 1 and 2 t h e energy of t h e i o n s i n t h e %e-and 4~e -r i c h phase. a s c a l c u l a t e d from t h e snowball and bubble models / 8 / . 
i a t i o n of t h e p o t e n t i a l of p o s i t i v e i o n s near t h e i n t e r f a c e of 3~e -4~e mixtures. The d o t t e d
l i n e is c f l c u l a t e d from e q u a t i o n s (2) and ( 5 ) . using = 6.5 h / 8 / , and he = 3.1 x loe3 / l o / . T h e d at i e d l i n e r e p r e s e n t an e l e c t r i c h o l d i n g f i e l d of F = 50 V/cm p e r p e n d i c u l a r t o t h e i n t e r f a c e , and t h e s o l i d l i n e i s t h e sum of both c o n t r i b u t i o n s . The arrow i n d i c a t e s t h e p o t e n c i a l minimum. For d i s t a n c e s z from che i n t e r f a c e s m a l l e r than t h e i o n r a d i u s equation (5) 
i s n o t a p p l i c a b l e , and t h e dash-dotted l i n e gives an e s t i m a t e f o r t h e p o t e n t i a l i n t h i s r e g i o n i ) P o s i t i v e i o n s a r e considered a s (lie2)+-ions, surroundedby a c o r e of s o l i d helium w i t h a ' r a d i u s R+ of about 7 / 8 / . The energy of t h i s complex is lowered by t h e p o l a r i z a t i o n of t h e l i q u i d surrounding t h e snowball
("3,4-1)
where the energy Wcore a l s o c o n t a i n s t h e contribut i o n of the s o l i d -l i q u i d s u r f a c e t e n s i o n , aad t h e s u b s c r i p t s 'of t h e d i e l e c t r i c c o n s t a n t c r e f e r t o t h e 3~e -and, 'llie-rich phase. I f w e assume t h a t t h e i n t e r n a l snowball s t r u c t u r e does not change when going from one phase t o t h e o t h e r , we o b t a i n f o r :he d i f f e r e n c e of t h e p o s i t i v e i o n e n e r g i e s V a r i a t i c n of t h e p o t e n t i a l of n e g a t i v e ions near the i n t e r f a c e of 3~e --9 e s i x c u r e s a s c a l c u l a t e d from e q u a t i o n s (4) and (5). The d i f f e r e n t l i n e s have t h e same m e a~i n g a s i n f i g u r e I . The parameters used a r e R-
a. = 6.5 * lo-' erg/cm2 / 6 / , and E = 50 V/cm. The p k t e n t i a l w e l l s V3 = 0.78 eV and V b = 0.85 eV f o r t h e 3~e -and 'He-rich phase, respectively, a r e obt a i n e d from t h e p u r e phases / I I / by l i n e a r i n t e r p ol a t i o n . The dash-dotted l i n e f o r l z l < R-is o n l y a crude e s t i m a t e , and t h e cusps a t z = 2 R-a r e smea-
red o u t when t h e f i n i t e i n t e r f a c i a l t h i c k n e s s i s taken i n t o account i i ) For n e q a t i v e i o n s , according t o the bubble model
the energy can be w r i t t e n a s r e s u l t i n g from t h e energy of a n e l e c t r o n i n a spher i c a l p o t e n t i a l w e l l of depth V and r a d i u s R-, from t h e s u r f a c e t e n s i o n a , t h e h y d r o s t a t i c p r e s s u r e p , and t h e p o l a r i z a t i o n , respectively. Since t h e hydro* t a t i c p r e s s u r e and R-a r e p r a c t i c a l l y the same i n both phases, t h e d i f f e r e n c e of t h e bubble e n e r g i e s i s
Xere we have made u s e of Antonov's r u l e / 9 / , saying t h a t t h e i n t e r f a c i a l t e n s i o n a. i s equal t o t h e d i ff e r e n c e of t h e s u r f a c e t e n s i o n s o f t h e two phases i n equilibrium. For temperatures near t h e t r i c r i r i c a l p o i n t , t h e r e s u l t i n g bubble energy is higher i n t h e %Ie-rich phase. which a t f i r s t s i g h t seems t o be c o n t r a d i c t o r y t o e a r l i e r e s t i m a t e s a c low temperatur e s 171. However, c l o s e t o T t h e p o l a r i z a t i o n term t i n (4) outweighs t h e o t h e r c o n t r i b u t i o n s .
Near t h e i n t e r f a c e , t h e image p o t e n t i a l becomes important, and t h e r e s u l t i n g v a r i a t i o n of t h e ion potentials with d i s t a n c e z is indicated by the d o t t e d l i n e s i n f i g u r e s 1 and 2. An e l e c t r i c holding f i e l d adds t o t h e s e e n e r g i e s a term eEz.
Note c h a t f o r a f i e l d of. say, E = 5 0 V/an a t T -T = 8 0 mK t h e p o s i t i v e ion energy has a minimum t 0 a t z =I06 A below t h e i n t e r f a c e . I n c o n t r a s t , negat i v e i o n s i n t h i s model a r e located inmediately above t h e i n t e r f a c e even i n the absence of a holding
So f a r t h e i n t e r f a c e has been assumed a s being i n f i n i t e l y s h a r p and r i g i d . This is c e r t a i n l y nor c o r r e c t n e a r Tt, when t h e expected dimples i n t h e c r i t i c a l i n c e r f a c e and a l s o t h e i n t e r f a c i a l width become l a r g e r than the i o n r a d i i . S i n c e no r e l i a b l e e s t i m a t e e x i s t s f o r t h e s e c o n t r i b u t i o n s u n t i l now, they have n o t been taken i n t o account in t h e potenr i a l s of f i g u r e s 1 and 2, which t h e r e f o r e should be regarded a s r a t h e r q u a l i t a t i v e . A c t u a l l y , a s w i l l b e seen i n t h e d i s c u s s i o n , t h e p r o p e r t i e s of t h e aitic a l i n t e r f a c e probably play an important r o l e i n t h e i n t e r p r e t a t i o n of the d a t a .
EXPERIMENTAL.-I n o u r i n i t i a l experiments t h e i o n c u r r e n t a c r o s s t h e i n t e r f a c e was measured a s a f u n c t i o n of temperature, w i t h the a p p l i e d f i e l d s being h e l d c o n s t a n t . A s an example, f i g u r e 3 shows t h e r e s u l t f o r n e g a t i v e ions i n a f i e l d of 8 5 . 7 V l a .

The c u r r e n t drops s h a r p l y t o below t h e l i m i t of det e c t i o n w i t h i n a temperature i n t e r v a l of only 20 mK,
s i g n a l i n g t h e t r a n s i t i o n from a t r a n s m i t t i n g t o an impenetrable i n t e r f a c e around 60 mK belov T .
t A s t h e e q u i l i b r i m c u r r e n t I d e c r e a s e s , t h e i o n s a r e trapped f o r a longer and Longer time i n t h e p o t e n t i a l w e l l near t h e i n t e r f a c e . This trapping t i m e y i e l d s a more unambiguous information than t h e c u r r e n t 1 which i s d i s t u r b e d by space charges and 0'
by fluctuations of t h e ion source e f f i c i e n c y .
The set-up we used f o r t h e i o n t r a p p i n g measurements i s sketched i n f i g u r e 4. A f t e r t h e i n t e r - Temperature iKl Fig. 3 : Negative ion c u r r e n t a c r o s s t h e i n t e r f a c e of a phase s e p a r a t e d 3~e -'~e mixture i n a f i e l d E a 8 5 . 7 Vlcm. Above 0.
K, t h e c u r r e n t i s l i m i t e d by r h e m o b i l i t y of t h e ions i n t h e bulk. Below, trapping a t t h e i n t e r f a c e becomes dominant.
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Fig. 4 : Experimental s e t -u p f o r measurements o f t h e t r a p p i n g t i m e of n e g a t i v e ions. When t h e ion source ( h e r e a f i e l d emission t i p ) i s s v i t c h e d o f f , an exp o n e n t i a l decay of both t h e c o l l e c t o r c u r r e n t and t h e l i g h t i n t e n s i t y a t t h e p h o t o m u l t i p l i e r is observed. The r i n g i s charged such t h a t l o s s of i o n s t o t h e w a l l is prevented. For p o s i t i v e i o n s t h e sample c e l l was i n v e r t e d , and a r a d i o a c t i v e source was used.
f a c e was charged, t h e source v a s switched o f f , and t h e number of i o n s a t t h e i n t e r f a c e began t o decreas e w i t h a rime c o n s t a n t : equal t o t h e t r a p p i n g tim e . r was determined i n two complementary ways :
F i r s t , t h e e x p o n e n t i a l decay o f t h e c u r r e n t a c r o s s
t h e i n c e r f a c e was measured w i t h a n e l e c t r o m e t e r /12/.
T h i s conventional method was a p p l i c a b l e f o r t r a p p i n g times betveen I and 100 s . For longer T ' S when t h e c u r r e n t s became v e r y small w e a p p l i e d a d i f f e r e n t -i n d i c a t e d by t h e s t r a i g h t l i n e s -with an energy b a r r i e r AW a t t h e i n t e r f a c e v a r y i n g roughly a s
method, u s i n g t h e f a c t chat due t o t h e e l e c t r i c holding f i e l d t h e i o n s e x e r t a f o r c e upon t h e i n t e r f a c e .
This f o r c e l e a d s t o a macroscopic, b u t s t i l l v e r y s h a l l o v deformation /13/ p r o p o r t i o n a l t o t h e number of trapped i o n s ( l e s s than 10" mm deep f o r t h e f i e l d s and i o n d e n s i t i e s used h e r e ) . When t h e l i g h t beam of a low-power laser i s d i r e c t e d a t the phase boundary a t t h e l i m i t i n g angle of t o t a l r e f l e c t i o n . t h e defonnacion allows a small p o r t i o n of l i g h t t o l e a k i n t o t h e upper
AW a (Tt-
o n (6) t h e s t r o n g v a r i a t i o n of 7 is e s s e n t i a l l y due t o the temperature dependence of AW, s i n c e kT changes by o n l y 2.5 :! i n t h e i n v e s t i g a t e d temperature i n t e rv a l .
A s can be seen from t h e n e a r l y c o n s t a n t slopes i n f i g u r e 5 t h e e l e c t r i c f i e l d shows l i t t l e eff e c t upon t h e b a r r i e r h e i g h t f o r e i t h e r type of charge, b u t i t has a marked i n f l u e n c e on t h e absol u t e v a l u e of T. This becomes more obvious from f igure 6, where t h e v a r i a t i o n of T v s . E i s p l o t t e d f o r c o n s t a n t temperature ('I. Q u a l i t a t i v e l y t h e dec r e a s e of T w i t h i n c r e a s i n g F seems r e a s o n a b l e because a t high f i e l d s the i o n s a r e drawn c l o s e r t o t h e i n t e r f a c e , and a r e t h e r e f o r e s o r e l i k e l y t o pass t h a t b a r r i e r . A more q u a n t i t a t i v e comparison shows, however, t h a t t h e simple snowball and bubble models o u t l i n e d i n s e c t i o n 2 a r e n o t s u f f i c i e n t t o account f o r t h e observed t r a p p i n g times : i ) P o s i t i v e i o n s , due t o t h e p o t e n t i a l i n f i g u r e I , a r e l o c a t e d a t a d i s t a n c e of t h e o r d e r of 100 below t h e i n t e r f a c e . Since t h i s i s much l a r g e r than -
(1) These measurements were checked i n a d i f f e r e n t sample c e l l w i t h a f i e l d c o n f i g u r a t i o n m c h more homogeneous than t h a t i n f i g u r e 4. E s s e n t i a l l y the same dependence was observed.
t h e mean f r e e p a t h of t h e s e i o n s / 8 / , an adequate d e s c r i p t i o n f o r t h e i o n t r a n s p o r t a c r o s s the phase Xot o n l y t h e a b s o l u t e value of the p o t e n t i a l b a r r i e r , b u t a l s o i t s dependence on t h e applied e l e ct r i c f i e l d i s n o t c o r r e c t l y reproduced by the simple snowball model. The v a r i a t i o n of ; with E is strong e r than e s t i m a t e d from f i g u r e 1 , and i t seems nec e s s a r y t o take the i n f l u e n c e of t h e c r i t i c a l i n t e rf a c e i n t o account, l i k e t h e r e d u c t i o n of the image f o r c e by t h e d i f f u s e i n t e r f a c i a l p r o f i l e / 6 , 7 / , o r t h e l o c a l deformation of t h e s o f t i n t e r f a c e by t h e i n d i v i a u a l i o n s / 3 / .
( i i ) For n e g a t i v e i o n s the d i s t a n c e from t h e phase boundary i s expected t o b e v e r y small. Hence i t i s n o t obvious t h a t h e r e the i o n t r a n s p o r t a c r o s s t h e i n t e r f a c e can a g a i n be d e s c r i b e d a s a d i f f u s i o n process ; indeed, a b e t t e r model might be =he thers a l a c t i v a t i o n of a p a r t i c l e o s c i l l a t i n g i n a potential well. Since i n t h i s c a s e , too, t h e predominant temperature dependence of r is given by eAWlkT, we analyze. our r e s u l t s i n terms of such a r e l a t i o n ( 6 ) , even though t h e d e t a i l s of t h e t r a n s p o r t process a r e n o t known y e t .
As f o r p o s i t i v e i o n s , a l s o f o r bubbles the e f -, f e c t of t h e e l e c t r i c f i e l d on t h e trapping time i s i n f l u e n c e of t h e c r i t i c a l i n t e r f a c e . Besides, the temperature dependence of T i s o n l y i n poor agreement with t h e p r e d i c t i o n of t h e bubble model. A q u a n t i t a t i v e a n a l y s i s of t h e t r a p p i n g times on the b a s i s of t h e simple bubble model is v e r y problemat i c , however, because t h e a b s o l u t e v a l u e of t h e bubble energy W is about lo3 K, whereas t h e d i f f erence U -Wk between t h e 3~e -and '~e -r i c h phase i s 3 o n l y of t h e o r d e r o f a few K f o r t h e temperatures considered here. The c a l c u l a t e d i n t e r f a c i a l b a r r i e r i s t h e r e f o r e v e r y s e n s i t i v e even t o minor uncertaint i e s i n the v a r i o u s c o n t r i b u t i o n s t o t h e bubble energy, Like t h e s u r f a c e t e n s i o n o r t h e p o t e n t i a l w e l l of t h e bubble.
I n summary :he p r e s e n t models do n o t provide a s a t i s f a c t o r y d e s c r i p t i o n of t h e i o n trapping a t t h e phase boundary of 3~e -4~e m i x t u r e s . Vice v e r s a t h e t r a p p i n g t i m e d a t a can s e r v e a s a s e n s i t i v e test f o r more r e f i n e d t h e o r i e s on i o n s a t t h i s c r i t i c a l i n t e r f a c e and a l s o f o r the i n t e r f a c i a l s t r u c t u r e / 7 / . I n a d d i t i o n , our experiment has shown t h a t both p o s i t i v e and negative i o n s can be trapped a t t h e i n t e r f a c e f o r times T > 100 s , a s long a s (Tt-T) > 80 mK. It should be p o s s i b l e t h e r e f o r e t o s t u d y i n more d e t a i l such NO-dimensional Coulomb systems i n t e r a c t i n g w i t h a s o f t s u b s t r a t e .
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found t o be much Larger than expected from t h e calc u l a t e d p o t e n t i a l i n f i g u r e 2, suggesting again t h e
